We consider static spherically symmetric wormhole configurations in a gravitational theory of a scalar field with a potential V (φ) and nonminimal derivative coupling to the curvature describing by the term (εg µν + κG µν )φ ,µ φ ,ν in the action. We show that the flare-out conditions providing the geometry of a wormhole throat could fulfilled both if = −1 (phantom scalar) and = +1 (ordinary scalar). Supposing additionally a traversability, we construct numerical solutions describing traversable wormholes in the model with arbitrary κ, = −1 and V (φ) = 0 (no potential).
I. INTRODUCTION
Nonminimal generalizations of general relativity imply a straightforward coupling between matter fields and the spacetime curvature and play an important role in modern theoretical physics. The well-known example of nonminimal theories could be represented by scalar-tensor theories of gravity with the action generally given as
where φ is the scalar field, X = φ µ φ µ , R is the scalar curvature, and S m is an action of ordinary matter (not including the scalar field). Here the function F (φ, R) provides a nonminimal coupling between the scalar field φ and the curvature, K(φ, X) represents a generalized kinetic term, and V (φ) is a scalar field potential. Note that the theory (1) includes a lot of extensively investigated models, among them the f (R) gravity and the Gauss-Bonnet gravity, the K-essence scalar theory, models with quintessence, quintom, phantom, dilaton, tachyon, and so on.
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A further extension of scalar-tensor theories is represented by models with nonminimal couplings between derivatives of the scalar field and the curvature. In general, one could have various forms of such couplings. For instance in the case of four derivatives one could have the terms κ 1 Rφ ,µ φ ,µ , κ 2 R µν φ ,µ φ ,ν , κ 3 Rφ φ, κ 4 R µν φφ ;µν , κ 5 R ;µ φφ ,µ and κ 6 Rφ 2 , where the coefficients κ 1 , . . . , κ 6 are coupling parameters with dimensions of length-squared. However, as it was discussed in [2] [3] [4] [5] , using total divergencies and without loss of generality one can keep only the first two terms.
As was shown by Amendola [2] , a theory with derivative couplings cannot be recasting into Einsteinian form by a conformal rescalingg µν = e 2ω g µν . He also supposed that an effective cosmological constant, and then the inflationary phase can be recovered without considering any effective potential if a nonminimal derivative coupling is introduced. Amendola himself and κ 2 R µν φ ,µ φ ,ν has been discussed by Capozziello et al. [3, 4] . They showed that the de Sitter spacetime is an attractor solution in the model.
Note that generally field equations in the model with terms κ 1 Rφ ,µ φ ,µ and κ 2 R µν φ ,µ φ ,ν contain higher (third) derivatives of the metric and the scalar field. However, as was shown in our work [5] , the order of field equations reduces to second one in the particular case when the kinetic term is only coupled to the Einstein tensor, i.e., κG µν φ ,µ φ ,ν . In Refs. [5, 6] we studied in detail exact cosmological scenarios with a nonminimal derivative coupling κG µν φ ,µ φ ,ν , examining both the quintessence and the phantom cases with zero and constant potentials. It is worth noticing that taking into account the nonminimal derivative coupling reveals new interesting features in a cosmological behavior. In general, we found [5, 6] that the universe has two quasi-de Sitter phases and transits from one to another without any fine-tuned potential, determined only by the coupling parameter. Further investigations of cosmological models with nonminimal derivative coupling have been continued in Refs. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
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In this paper we will study static spherically symmetric wormhole configurations in the scalar-tensor theory with the nonminimal derivative coupling. The wormholes supported by a minimally coupled scalar field are well known in the literature (see, for example, Refs. [19] [20] [21] ). It is also known that they have a number of features unacceptable with the physical point of view. In particular, they have negative asymptotical Schwarzschild masses and are unstable [21] [22] [23] [24] . We will show that the model with non-minimal derivative coupling provides scalar wormholes of a new type, possessing positive asymptotical masses, and give some arguments on their stability.
II. MODEL WITH NON-MINIMAL DERIVATIVE COUPLING
A. Action and field equations
Let us consider a gravitational theory of a scalar field φ with nonminimal derivative coupling to the curvature which is described by the following action:
where V (φ) is a scalar field potential, g µν is a metric, g = det(g µν ), R is the scalar curvature, G µν is the Einstein tensor, and κ is the derivative coupling parameter with the dimension of length-squared.
Varying the action (2) with respect to the metric g µν leads to the gravitational field equations
with
Similarly, variation of the action (2) with respect to φ provides the scalar field equation of motion:
where
Note that due to Bianchi identity G 
One can check straightforwardly that the substitution of expressions (4) and (5) into (7) yields the equation of motion of scalar field (6) . Therefore, the relation (7) will take place provided Eq. (6) is fulfilled. In other words, Eq. (6) is a differential consequence of Eq. (3).
B. Field equations for a static spherically symmetric configuration
Consider a static spherically symmetric configuration in the theory (2) . In this case the spacetime metric can be taken as follows:
where dΩ 2 = dθ 2 + sin 2 θdϕ 2 is the linear element of the unit sphere, and A(u) and r(u)
are functions of the radial coordinate u. Also the scalar field φ depends only on u, so that
Now the field equations (3) and (6) yield
A r Ar + r Combining the above equations one can easily rewrite them into the more compact form:
In this section we will focus our attention on wormhole solutions of the field equations (9), or equivalently (10), obtained in the previous section. Note that Eqs. (9) are a rather complicated system of nonlinear ordinary differential equations, and we do not know if it is possible to find any exact analytical solutions to this system. Instead, we will construct wormhole solutions numerically studying previously their asymptotical properties near and far from the wormhole throat.
To describe a traversable wormhole the metric (8) should possess a number of specific properties. In particular, (i) the radial coordinate u runs through the domain (−∞, +∞);
(ii) there exist two asymptotically flat regions R ± : u → ±∞ connected by the throat;
(iii) r(u) has a global positive minimum at the wormhole throat u = u 0 ; without loss of generality one can set u 0 = 0, so that r 0 = min{r(u)} = r(0) is the throat radius; (iv) A(u)
is everywhere positive and regular, i.e. there are no event horizons and singularities in the spacetime. Taking into account necessary conditions for the minimum of function, we obtain also
where the subscript '0' means that values are calculated at the throat u = 0. Concerning wormholes, the above relations are known as the flare-out conditions.
A. Initial condition analysis
Let us consider the field equations at the throat u = 0. By assuming r 0 = 0, Eqs. (9a) and (9b) after a little algebra yield
To provide the flare-out conditions (11) the right hand sides of Eqs. (12), (13) should be positive. This is possible if φ 2 0 = 0 and the following inequalities take place:
For given and κ these inequalities give restrictions for initial values of A 0 φ 2 0 and V 0 = V (φ 0 ) at the throat. Let us consider separately various cases. Further we will consider cases with nonminimal derivative coupling.
2. = 1, κ > 0. The constraints (14) , (15) give
Thus, in the case κ > 0, = 1 there are domains of initial values A 0 φ 2 0 and V 0 which provide the flare-out conditions (11) . Stress also that the initial value V 0 should be necessarily positive at the throat.
3. = 1, κ < 0. It is easy to check that Eqs. (14) and (15) are inconsistent in this case, and hence the flare-out conditions (11) are not fulfilled.
5. = −1, κ < 0. Eqs. (14), (15) give
Thus, in case = −1 there are domains of initial values A 0 φ 2 0 and V 0 which provide the flare-out conditions (11) . It is worth noticing that the value V 0 is admissible, and so one may expect to get a wormhole solution without potential.
In the model with nonminimal derivative coupling there is a nontrivial case = 0, when the free kinetic term is absent. Let us consider also this case.
6. = 0, κ > 0. Eqs. (14), (15) give
Thus, in this case there are domains of initial values A 0 φ 2 0 and V 0 which provide the flare-out conditions. As well as for = 1 and κ > 0, the initial value V 0 should be necessarily positive at the throat. To finish the analysis of the field equations (9) at the throat, let us consider the metric function A(r) and its first and second derivatives at u = 0. The value A 0 is a free parameter.
Though A 0 is also free, we assume, just for simplicity, A 0 = 0. Note that in this case A(u)
has an extremum at the throat u = 0. Using Eq. (10c), we can find
The sign of A 0 determines a kind of the extremum of A(u); it is a maximum if A 0 < 0, and a minimum if A 0 > 0. It is worth noticing that, with the physical point of view, the maximum (minimum) of A(r) corresponds to maximum (minimum) of gravitational potential. In turn, the gravitational force equals to zero at extrema of the gravitational potential; moreover, in the vicinity of maximum (minimum) the gravitational force is repulsive (attractive). As a consequence, the throat is repulsive or attractive depending on the sign of A 0 .
As an example, let us consider the model with = −1. By using the relations (16) and (17), we can see that A 0 < 0 if κ > 0, and A 0 > 0 if κ < 0. Hence, the throat is repulsive in the first case, and attractive in the second one.
B. Asymptotical analysis
While the throat is an essential feature of the wormhole geometry, its asymptotical properties could be varied for different models. Traversable wormholes are usually assumed possessing two asymptotically flat regions connected by the throat, and in this paper we will look for wormhole solutions with an appropriate asymptotical behavior.
The spacetime with the metric (8) has two asymptotically flat regions R ± : u → ±∞ provided lim u→±∞ {r(u)/|u|} = δ ± and lim u→±∞ A(u) = A ± . Since a flat spacetime is necessarily empty, we have also to suppose that lim u→±∞ φ(u) = φ ± and lim u→±∞ V (φ(u)) = V (φ ± ) = 0. Assume the following asymptotics at |u| → ∞:
Substituting above expressions into Eq. (9b) and collecting leading terms gives
Thus, the asymptotical form of the metric (8) is
Introducing in the asymptotically flat regions R ± new radial coordinates
and neglecting terms O(ρ −2 ± ), we obtain
where 2m ± = δ ± β ± and t ± = δ −1 ± t. This is nothing but two Schwarzschild asymptotics at u → ±∞ with masses m ± . Taking into account that δ ± |u| = lim u→±∞ r(u) and δ ± = ± lim u→±∞ r (u) we can find the following asymptotical formula
C. Exact wormhole solution with κ = 0
Let us discuss the particular case κ = 0 (no nonminimal derivative coupling). In this case the system of field equations (10) reduces to well-known equations for a minimally coupled scalar field:
Supposing additionally = −1 (phantom scalar) and V = 0 (no potential term), one can find an exact wormhole solution to the system (27) (see [19, 20] ). Adopting the result of [21] we can write down the solution as follows
where λ(u) = (m/u 0 ) arctan(u/u 0 ), and m, u 0 are two free parameters. Taking into account the following asymptotical behavior:
in the limit u → ±∞, we may see that the spacetime with the metric (28) possesses by two asymptotically flat regions. These regions are connected by the throat whose radius corresponds to the minimum of the radius of two-dimensional sphere, r 2 (u) = e −2λ(u) (u 2 +u 2 0 ). The minimum of r(u) is achieved at u = m and equal to
Asymptotical masses, corresponding to u → ±∞, are
It is worth noticing that the masses m ± have both different values and different signs, and so wormholes supported by the minimally coupled scalar field inevitably have a negative mass in one of the asymptotical regions.
Note also that there is a particularly simple case m = 0 when the static solution (28), (29) reduces to
In this case both asymptotical masses are equal to zero, m ± = 0, and so such the wormhole is massless.
D. Numerical analysis
In this section we present results of numerical analysis of the field equations (9) . Note that in order to realize a numerical analysis into practice one needs first to specify a form of the potential V (φ). The requirement of asymptotical flatness dictates lim u→±∞ V (φ(u)) = V (φ ± ) = 0. The simplest choice obeying this asymptotical behavior corresponds to zero potential, and hereafter we will assume V (φ) ≡ 0. As the initial condition analysis has shown, the flare-out conditions with V 0 = 0 are only fulfilled in case = −1.
An initial conditions for the system of second order ordinary differential equations (9) read u = 0, r(0) = r 0 , r (0) = r 0 ,
loss of generality one can set A 0 = 1 and φ 0 = 0. Since u = 0 is assumed to be a wormhole throat, one get r 0 = 0. Now the throat's radius r 0 given by Eq. (12) can be found as 
are positive, for κ > κ 2 both m + and m − are negative, and for κ 1 < κ < κ 2 (in particular, for κ = 0) the asymptotical masses m ± have opposite signs. Note also that κ < κ max , and
Note that a qualitative behavior of numerical solutions for r(u), A(u), and φ(u) does not depend on the initial value φ 0 , and above results were obtained for the specific choice φ 0 = 0.1.
IV. SUMMARY AND DISCUSSION
We have constructed static spherically symmetric wormhole configurations in a gravitational theory of a scalar field with nonminimal derivative coupling to the curvature. Carrying out a local analysis of the flare-out conditions, we have shown that solutions with a throat in the theory (2) In this case well-known wormhole solutions have been analytically obtained by Ellis [19] and Bronnikov [20] The stability of wormhole configurations is an important test of their possible viability.
The stability of wormholes supported by phantom scalar fields was intensively investigated in the literature [21] [22] [23] [24] , and the final resolution states that both static and non-static (see Ref. [21] ) scalar wormholes are unstable. Though this result is technically complicated, there is a simple qualitative explanation of this instability. Actually, as was mentioned above, a scalar wormhole inevitably possesses a negative Schwarzschild mass in one of the asymptotical regions; for example, let it be R − : u → −∞. This means that the gravitational potential is decreasing and the gravitational force is repulsive far from the throat. Consider now a small scalar perturbation of the wormhole geometry localized near the throat. Such the perturbation shall play a role of a small bunch of energy density and, because of the repulsive character of the gravitational field, it shall be pushed to the infinity R − . Similarly, any scalar perturbations will propagate from the throat vicinity to infinity, and this indicates an instability of the throat.
In comparison with wormholes supported by a phantom scalar field minimally coupled to the curvature, the scalar wormholes with nonminimal derivative coupling obtained in this paper have a more general asymptotic behavior. Namely, depending on a value of the nonminimal derivative coupling parameter κ one of the following qualitatively different cases is realized: (i) one of the asymptotic wormhole masses or both of them are negative; (ii) both asymptotic masses are positive. Taking into account the previous qualitative consideration, one can expect that a wormhole configuration will be unstable in the first case and stable in the second one. Actually, if both asymptotic masses are positive, then the gravitational potential is increasing and the gravitational field is attractive on both sides of the wormhole throat. In this case all scalar perturbations should be localized in the vicinity of the throat, and this would provide a stability.
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Of course, it is necessary to emphasize that the above consideration of wormhole stability has only a qualitative character. To answer finally the question -are scalar wormholes with nonminimal derivative coupling stable or not? -we need additional investigations which are 4 Note that wormhole solutions with positive asymptotical masses are known in the literature. Such wormholes were found as exact solutions of the scalar-tensor theory with nonminimal coupling ξRφ 2 and the φ 4 -potential [26] and the nonminimal Einstein-Yang-Mills model [27] . Also various thin-shell configurations represent wormholes with positive asymptotical masses; it is worth noticing that thin-shell wormholes could be stable (see, for example, Ref. [28] and references therein).
in progress.
